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Abstract:This paper treats an experimental and modeling study to predict the electrochemical performance of a
Ni/YSZ supported planar SOFC with the air electrode made by LSFC-GDC. A complete electrochemical model
is developed and calibrated on experiments to validate the numerical data. The fitting parameters extracted from
the calibration study are used to validate the current-voltage characteristic of an SOFC tested with both H./H,O
and Hz/N2 mixtures. Moreover, the effects of hydrogen molar fraction, fuel flow rate and operating temperature
on the cell performance are investigated.
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1. Introduction

The adverse impact of conventional energy production methods like nuclear and fossil fuel combustion
on the environment has led to an increased exploitation of alternative but above all greener and more sustainable
energy sources. Solid oxide fuel cells, with advantages of low pollutant emission and high efficiency, are
identified as a promising technology for power generation.

The electrochemical characteristics are very important for the SOFC design, which directly affect the
cell power generation performance. In some electrochemical models, the electrode exchange current density, one
of the most important parameters in the mathematical description of the activation overpotential, is assumed to
be independent of operating parameters ( e.g., temperature, pressure and gas composition ) and cell’s
microstructural properties of the electrodes such as porosity and pore size [1,2].

In some modeling works, the concentration overpotential is ignored as the gas diffusion in the electrode
is believed to be an efficient process [3, 4]. In other works, the concentration overpotential is predicted using
limiting current density, which is estimated as constant [5,6] or a function to gas concentration, pressure,
effective diffusion coefficient, geometrical structures of SOFC electrodes and temperature [7,8]. Neglecting the
concentration loss can be unreasonable, especially for SOFCs supported on thick electrode layers, because the
reactant concentration and current density vary sharply along the flow channel of fuel cell.

Several electrochemical models combining Butler-Volmer equation, diffusion models (i.e., Fick’s) and
Ohm's law to obtain the activation, concentration and ohmic overpotentials have been developed in order to
solve the above described limitation in the evaluation of SOFC overpotentials for electrode-supported cells [9-
11]. This approach has been proven to be successful in the simulation of SOFCs electrochemical behavior, as a
good agreement is usually obtained between simulated results and experimental data for this type of models.

In the present work we introduce a complete electrochemical model of a solid oxide fuel cell. The
model was first calibrated and validated based on experimental data using a commercial-size, anode-supported
SOFC. The fitting parameters extracted from the calibration study can precisely simulate the current-voltage
characteristic of the SOFC tested with both Ha/H-O and Ha/N2 mixtures.

Then, sensitivity tests shows the effect of operating parameters, such as fuel flow rate and operating
temperature, on the voltage-current density and performance characteristic.
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2. Experimental setup

The performance of a commercial fuel electrode-supported solid oxide cell (SOLIDpower, Italy) was
investigated with H2/H20O/N2 mixtures by measuring the current-voltage characteristic of the cell at different
temperatures. Experiments were performed in Politecnico di Torino.

The cell is circular-shaped with a diameter of 80 mm and an active surface area of ~ 47 cm2. The anode
consists of a Ni/8YSZ porous layer (240 um thickness) that provides the support for the 8YSZ thin electrolyte (8
um dense layer) and the cathode, which is a 50 pm porous layer made by LSCF-GDC.

Experiments were performed in a temperature-controlled oven. The cell was placed in an unsealed
alumina test-fixture providing radial gas distribution from the cell center — where the gas inlet is located — to the
border. Metallic grids of nickel (anode) and platinum (cathode) were used for current collection, while the
electrodes’ voltage was measured with two separate sensing wires contacting the cathodic and anodic grids. A
thermocouple was located in the cell center near the anode surface, providing the temperature of the experiment.
Further details on the test setup can be found in previous study by co-authors [12].

The design of the experimental session is presented in Table 1. The anode was fed with a mixture of
H2/H20/N2 with different flow rates and fixed humidity (4%), while the cathode was fed with a fixed flow of
dry air (1500 NmL min-1) in all the characterizations.. The polarization curves were measured first at 800 °C
following the order reported in Table 1, then temperature was decreased by 50 °C with a ramp of 30 °C/h and the
procedure was repeated until 700 °C. The experiments were performed in galvanostatic mode and current-
voltage characteristics were obtained by varying the cell current with steps of 1 A (hold for 60 s each) using an
electronic load (PLZ 664, Kikusui, Japan) from 0% FU (fuel utilization) to 50% FU.

Table 1: Experimental session.

Anode flow rate H2 [%] H20 [%0] N2 [%0]
(NmL min')
For Hy/H,O mixture
800 96 4 0
500 96 4 0
400 96 4 0
500 80 20 0
500 40 60 0
For Ha/H,O/N, mixture
500 67 4 29
500 58 4 38
500 48 4 48
500 37 4 59

3. The electrochemical model

The electrochemical model uses Bulter-Volmer equation, Fick’s model and Ohm’s law for the
description of the activation, concentration and ohmic overpotentials, respectively. Taking into account all the
overpotential effects in a solid oxide fuel cell, the cell potential is given by

V=E- Nact,a — Nact,e — Necon,a — Neonc (1)
3.1. Equilibrium potential

The equilibrium voltage of a SOFC can be expressed by the Nernst equation
1
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Where R is the universal gas constant and F is the Faraday constant. Eg is the reversible potential of the cell,
which depends on the standard-state free energy variation of the electrochemical reaction, and can be
numerically expressed as a function of the temperature [13].
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3.2. Activation overpotential

Activation polarization is controlled by the electrode kinetics at the reaction site, which are assumed to
be localed at the electrode-electrolyte interface. This polarization is directly related to the activation or charge-
transfer polarization, which is due to the transfer of charges between the electronic and the ionic conductors.
Activation polarization is given by the Butler—\VVolmer equation [14]:
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where J,; is the exchange current density that represents the readiness of an electrode to proceed with
electrochemical reaction and it can be expressed as [19]:
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where E,. o and E,. . are the activation energy levels at the anode and cathode [15], y, and y, are the
coefficients for exchange current density for anode and cathode; and a, b and ¢ are exponential coefficients for
the concentration dependency.

3.3. Concentration overpotential

Concentration polarization occurs when the fuel is consumed at the electrode—electrolyte interface, and
the gas concentration decreases at the reaction sites [1,2].

The concentration overpotentials can be expressed as a function of the gas partial pressure difference
between the electrode surface and the electrode-electrolyte interface.
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The partial pressure of water and hydrogen is calculated by :
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where J is the current density of the cell and D; . is a global diffusion coefficient for the i species that takes inti
account both molecular and Knudsen diffusivity.

The partial pressure of oxygen at the cathode reaction sites is calculated by solving the Fick’s diffusion equation
and imposing the oxygen concentration on the electrode’s surface:
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3.4. Ohmic overpotential
Ohmic losses occur because of the resistance to the flow of ions in the electrolyte and the resistance to
flow of electrons through the electrode materials. Ohmic polarization obeys Ohm’s law and is given by [16]:
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where d,, d.and d, are the thickness of anode, cathode and electrolyte, respectively; a,, . and o.are the
electrical and ionic conductivities of the SOFC components [17] .
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4. Results and discussion

4.1. Calibration and validation

In this section, we describe the fitting process employed to identify the values of the electrochemical
parameters used for the simulation. The best-fitting serves to minimize the root-mean-square error between
experimental and simulated J-V characteristics.

In the literature, the concentration parameters a and b vary significantly while c is generally set equal to
0.25; while Mogensen's model chooses a=b=1 [9,18]. While recently experimental works report lower values
a=0.11 and b=0.67 [15] and Yamamura's model specifies a=1 and b=-0.5 [19,20].

Yamamura's values are used firstly in the present work to simulate fuel cell polarizations at 750 °C with
fuel flow rate of 500 N ml/min for different fuel compositions (i.e., H2/H20 ratios).

The values of y, and y,. are guessed in goal to obtain satisfactory agreement between experimental and
numerical J-V curves. The electrochemical parameters for the different studied cases are reported in Table 2.

Figure l1a shows the experimental data and two iterations of the fitting process; case 1 and 2. As
illustrated by this figure, both case 1 and 2 over predict the mean current density of SOFC with 80% H2 and
40% H2.

In case 3, the value of y, is changed. It is found that case 3 worsens the agreement of both 80% H2 and
40% H2 SOFC (see fig 1b).

In order to get a better fitting, the values of y, and y, are changed simultaneously is assumed in case 4.
As indicated in Figure 1c, the results of case 4 improve compared to those of case 1, reducing the performance
overestimation of the latter.

After several iterations represented by case 1, case 2, case 3 and case 4, we conclude that there is no
pair values of y, and y, that makes a good agreement between numerical and experimental data. This conclusion
underlines to Yamamura's values as the cause of this underperformance.

In case 5, we replace Yamamura's values of a,b and ¢ by those in the work of Utz et al [15]. As shown
in Figure 1d, the results of case 5 are better than those of case 4.

Mogensen's model is used (a=b=1, ¢=0.25) in a fitting process to provide a good fit of the experimental
data both for low and high steam concentrations in SOFC. The best fit is that shown in Figure 2 for the
electrochemical values reported in Table 3. Figure 2 shows good agreement between simulated and experimental
results with a mean error of 2%.

As the dependence of concentration overpotential on molar fraction is more pronounced than that of the
activation overpotential, a smaller voltage loss and higher power density could be obtained at high molar
fraction, as shown by the modeling and experimental results presented in Fig 2.

Table 2.Electrochemical parameters for different cases.

Parameter Case 1 Case 2 Case 3 Case 4 Case 5
Eocta 100 100 100 100 100
a, 0.4 0.4 0.4 0.4 0.4
Ya 510° 1.510% 510° 1.510% 1.510%
a 1 1 1 1 0.11
b -0.5 -0.5 -0.5 -0.5 0.67
c 0.25 0.25 0.25 0.25 0.25
Eqct.c 120 120 120 120 120
a. 1 1 1 1 1

Ve 410° 410° 1.5 10% 210° 210°
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Table 3. Best fitting parameters for H2/H20 mixtures.
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Fig. 1. J-V curves for 4 cases of fitting with Ha/H>O mixtures.
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Fig.2. Experimental and simulated polarization and power density curves for SOFC with Hao/H,O mixtures.

For the mixture H2/N2, a model calibration has been performed through the identification of the concentration
dependency values a, b and c and the values of y, and y,. The best fit is that shown in fig 3 for the best fitting
parameters reported in table 4.

Experiments are investigated at temperature of 750 °C. The fuel electrode was fed with 500 N ml/min of gas
composed by mixtures Ha/N». The air electrode is fed with 1500 N ml/min of dry air. It is clear from Fig 4 that



the dilution with nitrogen does not influence strongly the fuel cell operation at low and medium current densities,
whereas it produces higher impact at high current density.

Table 4. Best fitting parameters for H2/N2 mixtures.

Parameter
Eacta 100
a, 0.4
Ya 1.2 10%
1
1
c 0.25
Eqcec 120
a. 1
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Fig. 3. Experimental and simulated polarization curves for SOFC with Hy/N, mixtures.
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Fig. 4. Effect of hydrogen molar fraction on cell voltage and power density.

4.2. Flow rate effect

Fig 5 shows the polarization curves for the SOFC fed by mixture 96% H>, 4% H-0O at different fuel flow
rate. As shown, polarization losses increase as the fuel flow rate decreases. We note also that changing the fuel
flow rate has effect on the activation and concentration polarizations, since they are strong functions of the gas

mixture composition and concentration. So the operation at high flow rate is required to achieve high
efficiencies.
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Fig. 5.Effect of fuel flow rate on cell voltage and power density.



4.3. Operating temperature effect

The performance of SOFC depends strongly on the operating temperature as demonstrated in Figure 6
because the three polarization losses are affected by the temperature. Decreasing the inlet temperature
significantly promotes the cell ohmic losses because the ionic conductivity of the electrolyte is very sensitive to
the temperature. Moreover, the activation overpotential is found to increase when the operating temperature
reduce due to lower activity of the cell catalyst and surface reactions. It is also clear from Fig 6 that a higher
power density can be obtained at a higher temperature.
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Fig. 6. Effect of operating temperature on cell voltage and power density.

5. Conclusion

In this work, we have presented a numerical and experimental study of solid oxide fuel cell
performance. The validation of a numerical model involves the fitting of electrochemical parameters which are
then used to simulate current-voltage characteristics of SOFC with Hy/H,O and H2/N2 mixtures and a good
agreement is found between numerical and experimental results. The impacts of operating parameters on cell
voltage and power density are discussed; when the hydrogen molar fraction rises, the power density represents

an increasing tendency. Similarly, the cell performance improves with increasing of both fuel flow rate and
operating temperature.

Nomenclature

a Exponential coefficients Ronm Electric resistivity, Qm?
b Exponential coefficients r Mean pore radius , W)
c Exponential coefficients T Temperarure, K

d, Thickness of anode , pm \% Cell potentiel ,V



d. Thickness of cathode , um Nact.a Activation overpotential of the anode, V

d, Thickness of electrolyte , um Nact,c Activation overpotential of the cathode,
\

D, Effective diffusion coefficient, m2s! Neona Concentration overpotential of the anode,
\

E Equilibrium voltage , V a; Transfer coefficient

E, Reversible potential, V Ya Coefficients for exchange current density
for anode

Epcta Activation energy at the anode ,J mol?*  y, Coefficients for exchange current density
for cathode

Eactc Activation energy at the cathode,Jmol" ¢, Electrical conductivity, Q! m-

1

F Faraday constant o, Electrical conductivity , Q1 m-

J Curent density (Am) O, lonic conductivity , Q1 m-

Jo,i Exchange current density, Am2 Nohmic Ohmic overpotential ,V

P Pressure , bar Neonc Concentration overpotential of the
cathode ,V
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